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Phosphorous  (P) plays  a critical  role for  all living  organisms  as a  structural  component  of  RNA,  DNA  and
phospholipids.  Microalgae  are  autotrophs  organisms  that have  been  reported  to  only  assimilate  the  fully
oxidized  phosphate  (Pi)  as  P  source.  However,  there  are  microorganisms  capable  of  utilizing  P  reduced
compounds  (i.e.  phosphite  (Phi)  and  hypophosphite)  as  a  sole  P  source,  such  as  bacteria  and  cyanobac-
teria.  In this  study,  we evaluated  whether  microalgae,  such  as  Chlamydomonas  reinhardtii,  Botryococcus
braunii  and  Ettlia  oleoabundans, are  capable  of  using  Phi  as a sole  P source.  Our  studies  revealed  that  these
three  microalgae  are  unable  to use  Phi  as a sole  P source.  We  also  found  that when  Phi is  present  at  con-hosphite
icroalgae
hlamydomonas reinhardtii
educed phosphorous assimilation
hosphate
centrations  equal  or higher  than  that  of  Pi, Phi  has an  inhibitory  effect  on C. reinhardtii  growth.  However,
since  C.  reinhardtii  was  able  to survive  for  a long  period  of  cultivation  in  the  presence  of  high  concentra-
tions  of Phi  and  to recover  cell  division  capacity  after  transfer  to media  containing  Pi, we noticed  that  Phi
is not  toxic  for  this  microalga.  We  propose  that  the  inhibitory  effect  of Phi  on C.  reinhardtii  growth  might
be  caused,  at  least  in  part, by  a competition  between  the  transport  of  Pi and  Phi.
©  2014  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an  open  access  article  under  the CC. Introduction
Phosphorous (P) is a structural component of RNA, DNA and
hospholipids and plays an essential role in innumerable metabolic
athways in all living organisms [1]. It is well documented that
rthophosphate (Pi), the fully oxidized form of P, is the only chem-
cal form that can be assimilated by autotrophs [2]. However, Pi is
ne of the least available of all essential nutrients in both terrestrial
nd aquatic ecosystems, often reducing primary productivity [3].
Although Pi is the predominant and most stable source of P in the
-cycle, reduced P compounds have been discovered in naturally
educing environments, such as marine sediments, geothermal
ater and volcanic vents as well as in sites highly inﬂuenced by
uman activities due to the wide use of some P-reduced forms
n agriculture and industrial processes [4–7]. Reduced P com-
ounds are of either organic (i.e. phosphonates and phosphinates)
r inorganic nature (i.e. Phi, hypophosphite and phosphine). Some
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∗∗ Corresponding author. Tel.: +52 462 606 9667.
E-mail addresses: dlopez@stelagenomics.mx (D. López-Arredondo),
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ttp://dx.doi.org/10.1016/j.plantsci.2014.11.015
168-9452/© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an ope
icenses/by-nc-sa/3.0/).BY-NC-SA  license  (http://creativecommons.org/licenses/by-nc-sa/3.0/).
microorganisms have been reported to be able to use reduced P
compounds as a sole P source [8–17], strongly suggesting the exist-
ence of an ancient P redox cycle in life [18]. Geological evidence
suggests that Phi was  an abundant P-species in the ocean prior
to the evolution of oxygenic photosynthesis 3.5 Ga ago (Archean
Eon) and that Phi was a possible and an important reagent in the
prebiotic synthesis of phosphorylated biomolecules [19].
Bacterial metabolism of Phi requires the transport of Phi through
the cell membrane and then its oxidization to Pi before being
incorporated into organic molecules. This oxidation serves to two
important purposes for these microorganisms: the production of
energy and of Pi [20]. Three pathways for the oxidation of Phi into Pi
have been described, which provides evidence that some bacteria
can metabolize P sources other than Pi [12]. The best character-
ized of these pathways was ﬁrst described in Pseduomonas stutzeri
WM88  [9], and it is based on a NAD-dependent phosphite oxi-
doreductase encoded in the ptxABCDE operon. In the ptx operon,
the ptxABC genes encode an ABC-type phosphite transporter, the
ptxD gene encodes a NAD:phosphite oxidoreductase and ptxE is
a transcription factor that shares homology with the LysR family
of transcriptional regulators [9]. The ptxABCDE operon is a com-
ponent of the P. stutzeri Pho regulon, which is controlled by a
two-component system formed by PhoB (transcription factor) and
n access article under the CC BY-NC-SA license (http://creativecommons.org/
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hoR (sensor protein), which regulates P assimilation in response
o P-starvation [21].
The presence of the genes required for the utilization of reduced
 compounds has been also reported in some cyanobacteria, such
s Prochlorococcus MIT9301 [16] and Nodularia spumigena CCY9414
22], although the capacity to use Phi as a P source has only
een conﬁrmed for Prochlorococcus MIT9301 [16]. Although Phi
an be transported into the roots and stored in plants, there is
 clear consensus that plants are unable to metabolize Phi, and
nstead, Phi prevents the activation of many genes involved in Pi-
tarvation responses [23,24]. However, regarding microalgae there
s no evidence that these eukaryotic photosynthetic organisms
ave the metabolic pathways necessary to use Phi, hypophos-
hite or any other organic reduced P compound as a sole P
ource. To our knowledge, there is only one report that brieﬂy
entions that the green microalgae Chlamydomonas reinhardtii
rew for a few days in media containing Phi as a sole P source
25].
To determine whether Phi can be metabolized by microalgae,
e investigated the capacity of three microalgal species, C. rein-
ardtii, Botryococcus braunii and Ettlia oleoabundans,  to use Phi as a
ole P source. Since Phi is increasingly used in agriculture as a fer-
ilizer and as a fungicide, we also determined whether Phi is toxic
o these three microalgae species. Our results show that none of
hese species are capable of metabolizing Phi at any concentration
ested under standard culture conditions.
. Materials and methods
.1. Algal strains, growth medium and culture conditions
Three species of green microalgae were used in this study. We
elected C. reinhardtii (CC-125) as this is used as a model organ-
sm in biology, whereas B. braunii (UTEX 572) and E. oleoabundans
UTEX 1185) were selected from our ceparium because they are
pecies of industrial interest. C. reinhardtii was obtained from the
hlamydomonas Resource Center, and the last two were obtained
rom the Culture Collection of Algae at the University of Texas at
ustin.
All strains were maintained in freshly prepared liquid or solid
AP basal medium (tris-acetate-phosphate) [26] and cultured in
AP and/or TA media lacking P (−P) supplemented with the corre-
ponding P source, according to each experiment. Cultures were
rown under the following controlled conditions: incubation at
8 ± 2 ◦C, orbital shaking at 110 rpm and 50 ± 10 mol  m−2 s−1 of
ontinuous ﬂuorescent white light (shaker incubator MRC  LOM-
50DIG/500DIG). Solid media were prepared with 1.5% (w/v)
acto-agar (Difco).
.2. Evaluation of growth on phosphite-containing media as the
hosphorus source
For the experiments to study the capacity of these three microal-
ae species to use Phi, the sources of P on the conventional TAP
edium, potassium phosphate monobasic (KH2PO4, 0.39 mM)  and
otassium phosphate dibasic (K2HPO4, 0.62 mM)  were substituted
y potassium phosphite monobasic (KH2PO3, Wanjie International
AS No. 13977-65-6) at different concentrations. Growth responses
f the three microalgae species were evaluated in time-course
xperiments, in which the cultivation was conducted in 50 mL  glass
asks containing 20 mL  of autoclaved media. Each experiment was
one in triplicates and repeated at least three times. In all exper-
ments, inoculum was obtained from cultures at the exponential
rowth phase, and treatments with TAP and/or TA medium were
sed as controls.cience 231 (2015) 124–130 125
For experiments with C. rendhardtii, we  carried out a series of
experiments using as inoculum either P-replete cells or P-depleted
cells. For the case of experiments with P-replete cells, each ﬂask was
inoculated with 1% (v/v) of a cell suspension directly taken from an
8-day-old culture in TAP basal medium. Whereas for experiments
using P-depleted cells, cells grown in complete TAP media were
harvested by centrifugation (5 min  at 6800 × g), washed three times
with TA, P-free medium and then transferred and cultured in TA
medium for 8 additional days to exhaust the P reserves in the cells.
After this time, cells were harvested as described previously and
then used as P-depleted inoculum at 1% (v/v). For C. reinhardtii,  we
tested Phi as a sole P source in TA medium at concentrations ranging
from 0.05 to 20 mM using either P-replete cells or P-depleted cells.
To evaluate the growth of B. braunii and E. oleoabundans in Phi-
containing media, we used P-depleted cells to inoculate TA media
supplemented with 0, 0.05, 0.5 and 1.0 mM Phi.
To test the effect of Phi on the growth of C. reinhardtii in media
containing Pi, P-depleted cells were inoculated in media based in a
combination of Pi and Phi as the sources of P. TA medium containing
0.05 mM Pi and Phi at 0, 0.01, 0.05, 0.1, 0.5 and 1 mM were used for
these experiments.
To monitor the growth of microalgae strains, triplicate samples
of 200 L of each ﬂask were taken at regular intervals and optical
density (OD) measurement at 680, 750 and 685 nm for B. braunii,  C.
reinhardtii and E. oleoabundans,  respectively, was determined using
a 96-well microplate reader InﬁniteM1000 (Tecan). All the exper-
iments were conducted in triplicate during a period of 8–16 days
after inoculation, according to each experiment.
2.3. Cell viability of C. reinhardtii in media containing phosphite
To determine cell viability, sampling of cultures of P-depleted
cells inoculated in TA media supplemented with 0.05, 0.5 and
1 mM Phi, and 1 mM Pi, was  carried out every 4 days in tripli-
cate, then 100 L aliquots of a serial dilution of these cultures
were plated on solid TAP agar medium and incubated for about
3 weeks until colonies were clearly visible. Cultures were diluted
with TA medium as needed to facilitate counting of separate
colonies. Colony counting was performed using an ImageJ Plugin
based on agar plate images. Cell viability was calculated by colony-
forming unit (CFU·mL−1), using the formula: CFU·mL−1 = (number
of colonies dilution factor)/volume of culture plate.
2.4. Total phosphorus determination
To determine total P content in C. reinhardtii cells, we stan-
dardized the assay based in malachite green reagent. Cells grown
under the different treatments were collected as described above
and washed with 100 mM sodium oxalate solution to remove P
surface-bound [27,28]. These cells were transferred to glass tubes
and dehydrated at 80 ◦C for 24 h in a heating oven. Dehydrated and
weighed cells were suspended in 5 mL  of nitric acid: perchloric acid
(5:1) solution and maintained at root temperature overnight, then
each sample was boiled for at least 6 h [29,30]. Digested samples
were heat-dried, and the solid residues were suspended in 5 mL  of
deionized water. In preparation to quantify total P, we prepare a
standard curve considering from 1 to 10 nmol. A stock malachite
green reagent was prepared by dissolving 0.44 g or malachite green
oxalate in concentrated sulfuric acid. The color reagent was freshly
prepared prior its use by adding 3% of ammonium molybdate
(w/v) and 11% of tween-20 to the malachite green reagent. To
analyze each sample, 200 L were taken and analyzed by adding
50 L of the ﬁnal color reagent. Reactions were incubated 5 min
at room temperature and then absorbance determined at 630 nm.
Total P content was  determined as mg  per g of dried cells. All the
1 Plant Science 231 (2015) 124–130
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Fig. 2. Effect of phosphite on the cell growth of phosphorus-depleted C. reinhardtii
cells. Phosphorus (P)-depleted C. reinhardtii CC-125 cells (derived from an 8-day-old
culture in TA media) were inoculated in TA media supplemented with 0.5, 1.0 and
1.5  mM phosphite (Phi) as the sole P source. Cell growth was determined every day26 M.M. Loera-Quezada et al. / 
lassware were cleaned with nitric acid 0.5 M solution overnight
nd then washed at lest three times with deionized water.
.5. Statistical analysis
Results are expressed as mean ± SD (standard deviation) of three
eplicates. Statistical analysis was performed using the program R
.0.2 [31]. Data collected from the different experiments were sub-
ected to one-way analysis of variance (ANOVA). A value of P < 0.05
as considered statistically signiﬁcant.
. Results
.1. C. reinhardtii is unable to metabolize phosphite as a sole
hosphorus source
To determine whether C. reinhardtii is capable of using Phi as
 sole source of P, we evaluated microalgae growth by measuring
D in time course experiments using a range of different Phi con-
entrations. C. reinhardtii showed limited but signiﬁcant growth
n media supplemented with the different concentrations of Phi,
eaching an OD of 0.2 after 6 days of growth; no signiﬁcant growth
as recorded after the 6 days of growth (Fig. 1). In contrast, the
ame cells inoculated in media containing Pi as a P source showed
ontinuous growth, reaching an OD of 0.6 after 12 days of growth
Fig. 1). The growth of C. reinhardtii in media lacking Pi but supple-
ented with Phi could suggest that C. reinhardtii is capable of using
hi as a P source. However, when the same cells were inoculated
n media lacking any source of P, growth kinetics similar to that of
he cells inoculated in media containing 1 mM of Pi was  observed
Fig. 1). These results suggest that C. reinhardtii is capable of storing
nough P to support cell growth to reach maximum OD under our
xperimental conditions.
To conﬁrm that C. reinhardtii cells grown in TAP media accumu-
ate Pi that can support cell proliferation in a subsequent cycle of
rowth and that this stored Pi is depleted after a cycle of growth in
edia lacking Pi, we measured the total P content of cells grown in
AP and TA media. We  found that cells grown in TAP media have
 total P content of 1.76 ± 0.17 mg  of P per g of cells, whereas in
hose cells grown in TA media the total P content is reduced to
ig. 1. Effect of phosphite on the cell growth of C. reinhardtii using phosphorus-
eplete cells as inoculum. Phosphorus (P)-replete C. reinhardtii CC-125 cells (derived
rom an 8-day-old culture in TAP media) were inoculated in TA media supplemented
ith 1, 5, 10, 15 and 20 mM phosphite (Phi) as the sole P source. Cell growth was
etermined every day during 13 days of culture by measuring optical density (OD) at
50 nm.  Cultures in TAP (1 mM P) and TA media lacking P (−P) were used as controls.
ata shown are the average of three replicates ± SD.during 7 days of culture by measuring optical density (OD) at 750 nm.  Cultures in
TAP  (1 mM P) and TA media lacking P (−P) were used as controls. Data shown are
the average of three replicates ± SD.
0.09 ± 0.006 mg  of P per g of cells. After a second cycle of growth
in media lacking Pi, the total P content is drastically reduced to
0.007 mg  of P per g of cells, which explains why these cells are
unable to further proliferate and can be used to test the capacity of
C. reinhardtii to use alternative P sources. These results conﬁrm that
C. reinhardtii stores a high level of P when grown in high P media
(i.e. TAP) and that the observed growth in TA media and TA media
supplemented with Phi is most probably due to the capacity of C.
reinhardtii to store P to support the growth of daughter cells under
low Pi availability conditions.
To determine whether the growth of C. reinhardtii in media con-
taining Phi as a sole P source was  due to the P stored in the cells
or to a capacity to metabolize Phi, an experiment was carried out
with cells previously grown for 8 days in media lacking a P source
(P-depleted cells). This condition should deplete of P reserves and
allow us to observe the direct effect of Phi on C. reinhardtii growth.
When P-depleted cells were inoculated in control media containing
1 mM of Pi as the P source, a normal and rapid growth was observed,
with the culture reaching an OD of 0.35 after 7 days of growth
(Fig. 2). When the same cells were inoculated in media devoid of a P
source, very limited growth was  observed, with the culture reach-
ing an OD of 0.05 after 7 days of growth (Fig. 2). Interestingly, when
P-depleted cells were inoculated in media containing Phi as a P
source, no cell growth was observed at Phi concentrations ranging
from 0.5 to 1.5 mM (Fig. 2). These results show that C. reinhardtii is
unable to metabolize Phi and use it as a P source and that 8 days of
growth in media lacking a P source does not affect the viability of
the cells but is long enough to deplete P reserves in C. reinhardtii.
3.2. Phosphite inhibits the growth of C. reinhardtii in the presence
of phosphate
The results presented in Fig. 2 show that C. reinhardtii is unable
to use Phi as a P source but also that Phi might have an inhibitory
effect on the growth of this microalga given that the cells inoculated
in media devoid of a P source reached a higher OD than that attained
in the media containing Phi (Fig. 2). To deﬁne whether Phi has an
inhibitory effect on C. reinhardtii growth, we  ﬁrst determined the
minimal amount of Pi required achieving optimal growth (Fig. 3).
With this aim, we evaluated the growth of P-starved cells in media
M.M. Loera-Quezada et al. / Plant S
Fig. 3. Growth of phosphorus-depleted C. reinhardtii cells in media containing
different concentrations of phosphate. Cell growth of C. reinhardtii CC-125 using
phosphorus (P)-depleted cells as inoculum in TA media supplemented with 0.05,
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7.5  and 1 mM of phosphate (Pi) as a P source. Cell growth was  determined every 2
ays during 16 days of culture by measuring optical density (OD) at 750 nm.  Data
hown are the average of three replicates ± SD.
upplemented with different Pi concentrations. There were no sta-
istically signiﬁcant differences in the growth of C. reinhardtii at the
hree Pi concentrations tested, showing that 0.05 mM of Pi is sufﬁ-
ient to support the optimal growth of C. reinhardtii for at least for
6 days (Fig. 3). To test the effect of Phi on the growth of C. reinhardtii
n media containing Pi, P-depleted cells were grown in TA media
ontaining a combination of Pi and Phi (Fig. 4). In these experiments,
i concentration was maintained constant, whereas Phi concentra-
ion was variable. The cells grown in the media containing 0.05 mM
f Pi plus 0.01 mM of Phi displayed a similar growth to that observed
or the cells grown in the control media containing 0.05 mM Pi and
evoid of Phi (Fig. 4). However, a gradual decrease in cell density
as observed for cultures grown in media supplemented with Phi
t concentrations ranging from 0.05 to 1 mM.  When equal amounts
f Pi and Phi were present in the media (0.05 mM), cell growth was
ig. 4. Effect of phosphite on the growth of C. reinhardtii in media containing
hosphate. P-depleted C. reinhardtii CC-125 cells were inoculated into TA media
ontaining 0.05 mM of phosphate (Pi) and supplemented with 0, 0.01, 0.05, 0.1, 0.5
nd 1 mM of phosphite (Phi) and cell growth was determined every 2 days during
5 days of culture. Cultivation in TA media supplemented with 0.05 mM Pi and TA
edia lacking P (−P) was  used as controls. Optical density (OD) was measured at
50  nm.  Data shown are the average of three replicates ± SD.cience 231 (2015) 124–130 127
reduced by approximately 35% with respect to that observed with
the media supplemented with Pi only, which was similar to that
observed when the cells were grown in 0.05 mM of Pi and 0.1 mM
Phi (Fig. 4). A stronger growth-inhibitory effect was  observed in
the cells grown in the media containing 0.5 and 1 mM Phi, which
reduced the cell growth to 37–32% of that observed for the cells
grown in the media containing only 0.05 mM Pi (Fig. 4). These
results indicate that Phi at concentrations equal or double of that
of Pi have a inhibitory effect on the growth of C. reinhardtii,  but
also that Phi at concentrations 20-fold higher than that of Pi do not
completely arrest its growth.
3.3. Phosphite has no toxicity to C. reinhardtii
Phi is widely used in agriculture due its capacity to control
oomycetes [32]. The effectiveness of Phi as a “fungicide” against
oomycetes has been proposed to be caused, at least in part, by the
accumulation of polyphosphates (Poly-P) and pyrophosphate (PPi),
causing toxicity by the inhibition of key reactions for the biosynthe-
sis of lipids, nucleic acids, polysaccharides and proteins [33]. The
experiment in which C. reinhardtii was grown in the presence of Pi
and different concentrations of Phi suggested that Phi would have
an inhibitory but not a toxic effect on the growth of this microalga.
Because the increased use of Phi as a fungicide in agriculture, which
at least transiently could contaminate lakes and the sea, it was
important to determine whether Phi only reduces cell growth or
has a toxic effect on C. reinhardtii and causes cell death. With this
purpose, we  determined cell viability of P-depleted cells at different
time points of growth in media supplemented with a range of Phi
concentrations. As expected, the number of viable cells in the media
supplemented with 1 mM Pi increased from day 1 to day 12, with
cell densities increasing from 0.001 × 106 to 8.56 × 106 CFU mL−1;
with a small decrease at day 16 (7.56 × 106 CFU mL−1) (Fig. 5). In
media lacking Pi, the number of viable cells increased from initial
inoculum of 0.001 × 106 CFU mL−1 to approximately 0.015 × 106
CFU mL−1 at day 4 and up to approximately 0.03 × 106 CFU mL−1
at day 12 after inoculation (Fig. 5). Interestingly, at the different
time points sampled in these experiments, no statistically signiﬁ-
cant differences in the number of viable cells were found between
media lacking Pi with those containing Phi at concentrations of 0.05
to 1 mM.  These results show that although Phi inhibits the growth
of C. reinhardtii,  it has no toxicity that causes cell death. Moreover,
at some time points a small but statistically signiﬁcant difference
was observed suggesting that Phi might have a protective effect on
C. reinhardtii cell viability under conditions of P-deprivation. Most
likely, the inhibitory effect in the growth of C. reinhardtii observed
when Pi and Phi are both present in the media is due to a competi-
tion between Pi and Phi for the entry into the cell, as they both use
the same transport system [34].
3.4. Phosphite as the sole phosphorus source for the growth of B.
braunii and E. oleoabundans
To determine whether the incapacity of C. reinhardtii to use
Phi as a P source is speciﬁc for this species or whether another
microalgae species are also unable to use Phi as a sole P source,
we performed a time-course kinetics of growth for B. braunii and
E. oleoabundans in media containing Pi or Phi as sole P sources. It
was observed that the cell densities of both microalgae were quite
similar in all the treatments, increasing only after a long lag phase
of almost 8 days, followed by a logarithmic phase until the end of
the experiment, 16 days after inoculation (Figs. 6 and 7). However,
the cell growth of B. braunii in 0.05 mM of Pi was  comparable to
the growth in 0.5 and 1 mM of Pi at all the time points in which OD
was measured (Fig. 6), whereas E. oleoabundans displayed better
growth under 0.5 mM of Pi than under 0.05 and 1 mM Pi (Fig. 7).
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Fig. 5. Effect of phosphite as a sole phosphorus source on cell viability of C. reinhardtii. Cell viability of C. reinhardtii was determined from cultures of phosphorus (P)-depleted
cells  inoculated in TA media supplemented with 0.05, 0.5 and 1 mM phosphite (Phi), 1 mM phosphate (Pi) and TA medium (−P). Cell viability was determined as colony-
forming  units per mL  (CFU·mL−1) by plating culture aliquots (100 L) in agar-TAP media every 4 days during 16 days of culture. Inset in the main graph shows cell viability
determined in −P and Phi treatments, which provides a clearer view of the values obtained. Data shown are the average of three replicates ± SD. Bars labeled with different
letters  are statistically different from each other (Tukey’s test p < 0.05).
Fig. 6. B. braunii is unable to use phosphite as a phosphorus source. Phosphorus
(P)-depleted B. braunii cells (obtained after a cycle of growth for 8 days in TA media)
were inoculated into TA medium supplemented with phosphate (Pi) or phosphite
(Phi) at 0.05, 0.5, and1.0 mM as a P source. Cell growth was determined every 4
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Fig. 7. E. oleoabundans is unable to use phosphite as a phosphorus source. Phospho-
rus  (P)-depleted E. oleoabundans cells (obtained after a cycle of growth for 8 days
in TA media) were inoculated into TA medium supplemented with phosphate (Pi)
or phosphite (Phi) at 0.05, 0.5, and 1.0 mM as P source. Cell growth was determinedays  during 16 days of culture. TA media lacking P (−P) was used as control and
ptical density (OD) was measured at 680 nm.  Data shown are the average of three
eplicates ± SD.
In accordance with the results obtained for C. reinhardtii,  Phi
as unable to support the growth of B. braunii or E. oleoabundans
s a sole P source based on the ﬁnding that there were no signiﬁ-
ant increases in OD even after 16 days of growth (Figs. 6 and 7).
here was no visible growth, and the cultures remained colorless
uring the entire period of cultivation. A slight increase in OD for E.
leoabundans cultures under 1 mM Phi was observed in comparison
o that observed for media lacking P (P < 0.05).
. DiscussionMicroalgae have an ancient lineage of approximately 1.5–2 Ga
nd present a vast genetic diversity. Currently, the number of
pecies is still being ascertained, but approximately 75,000 species
ave been described [35,36]. Due this genetic diversity, it is possibleevery 4 days during 16 days of culture. TA media lacking P (−P) was used as control
and optical density (OD) was measured at 685 nm. Data shown are the average of
three replicates ± SD.
that some of these species could use reduced P compounds as a P
source. However, our results showed that three different species of
microalgae, namely C. reinhardtii,  B. braunii and E. oleoabundans,  are
unable to metabolize Phi at any of the tested concentrations. A pre-
vious report suggested that C. reinhardtii grew well when provided
with Phi as a sole P source, but this growth was  only maintained
for 7 days [25]. In that report, the cells used to inoculate the media
containing Phi as a sole P source came from a previous culture
grown in media containing 1 mM Pi. When we inoculated media
supplemented with Phi as the sole P source with P-replete cells,
we also observed growth in all the tested treatments. However,
the observed growth in the media supplemented with Phi was sig-
niﬁcantly lower than that observed for cells inoculated in media
lacking P, suggesting that C. reinhardtii stores enough P to support
growth comparable to that obtained in media supplemented with
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 mM Pi for at least 12 days and that Phi had an inhibitory effect on
he growth of C. reinhardtii.  To more precisely determine whether
. reinhardtii is able to use Phi as a P source, we conducted exper-
ments in which media containing different concentrations of Phi
ere inoculated with cells that were previously grown for 8 days
n P-free media to deplete the P stored during the previous cul-
ure in TAP media. We  observed that these P-depleted cells were
ompletely unable to grow in media containing Phi as the sole P
ource.
Microalgae are capable to store P in the form of Poly-P, a linear
olymer of Pi residues linked by high-energy phosphoanhydride
onds, which under P-deprivation can be used as a Pi reserve for
ynthesis of nucleic acids and phospholipids, as well as an energy
ource [37]. Accumulation of Poly-P in microalgae occurs in two
ays: after a period of P-starvation (over-compensation) or when
ells are grown under an excess of Pi (luxury uptake) [38–40];
he latter most likely occurred for C. reinhardtii when the cells
ere grown in the media containing 1 mM Pi. This accumulation
ould be one reason why microalgae are capable of sustaining
rowth even when the external P source is exhausted. In agree-
ent with our ﬁndings, Dunaliella tertiolecta was reported to grow
n a medium lacking P when the culture was started with P-replete
ells [41]. A similar behavior was found in Tetraselmis subcordi-
ormis since the intracellular accumulated P, sustained cell growth
hen extracellular P was absent [42]. T. subcordiformis is related
o C. reinhardtii,  and its high survival rate under P-deprivation
an be explained by the mobilization of internal reserves of Pi
rom Poly-P molecules, the secretion of periplasmic phosphatases
which can cleave Pi from Pi esters in the immediate environ-
ent), the activation of high-afﬁnity Pi uptake and the substitution
f phospholipids for glycolipids and sulfolipids [43]. It has been
hown that phospholipids can be substituted by sulpholipids under
-starvation conditions in different organisms such as bacteria,
yanobacteria, microalgae and plants (i.e. Rhodobacter sphaeroides,
. elongates PCC7942, C. reinhardtii and Arabidopsis thaliana) sub-
ected to Pi-deprivation [44–48]. The physiological signiﬁcance
f phospholipid replacement to release P for metabolic activ-
ties is substantiated by the observation that the growth of
utants defective in sulpholipid synthesis become more sensi-
ive to P-starvation when compared to the respective wild types
44,45,47–49].
The growth kinetics of B. braunii, C. reinhardtii and E. oleoabun-
ans in media containing Phi as a sole P source clearly show that
hese microalgae are unable to use Phi to sustain metabolic activity
nd cell proliferation. However, because Phi is increasingly being
sed in agriculture and in industrial processes, it was important to
etermine whether Phi has toxicity against microalgae and could
ause cell death. For C. reinhardtii,  the cell viability under all the
hi treatments was similar or slightly better than that observed for
ells grown in media devoid of Pi. These results show that Phi is not
oxic to microalgae and that cell grown in Phi containing media in
he absence of Pi would have a similar longevity and death cell rate
han P-depleted cells in the absence of any P source. The inhibitory
ffect of cell growth is most likely due to a competition for the
ptake or for the binding to metabolic enzymes or proteins involved
n signaling. A competition for uptake seems likely because it has
een proposed that in plants Phi enters the cells through the same
igh- and low-afﬁnity transport systems as Pi [34].
Although there is evidence that some microorganisms, such as P.
tutzeri [9], Desulfotignum phosphitoxidans [11], Escherichia coli [12],
alstonia sp. [15] and Prochlorococcus MIT9301 [16] have the abil-
ty to metabolize reduced P compounds, as an initial phase of this
tudy, we carried out preliminary analysis using the genomic infor-
ation available for the three microalgae—C. reinhardtii,  B. braunii
nd E. oleoabundans—to identify candidate genes involved with Phi
etabolism. We  were not able to identify genes that could producecience 231 (2015) 124–130 129
Phi-metabolizing proteins. Therefore, it is not surprising that these
microalgae are unable to metabolize Phi.
Some studies have proposed that the Pi/Phi combinations are
more effective than either substance alone for plant assimilation
[50,51]. Microcistys aeruginosa exhibited an increase in cell num-
ber and in chlorophyll a content when 5.44 mgP  L−1 of Phi was
combined with 0.54 mgP  L−1 of Pi, by stimulating the photosyn-
thesis process [52]. However, under our experimental conditions,
the growth of C. reinhardtii was  consistently reduced by the pres-
ence of Phi in the medium (Fig. 4). The growth decreased as the
Phi concentration increased, demonstrating that the Phi has an
inhibitory effect on the growth of C. reinhardtii.  Our  results are in
agreement with earlier studies that have provided evidence of a
lack of a stimulating effect of Pi/Phi combinations on the growth
and development of plants, and it has been clearly demonstrated
that plants are unable to metabolize Phi [53–57]. The only way that
plants can use Phi as a P source is through the expression of a bac-
terial phosphite dehydrogenase, as was recently demonstrated for
Arabidopsis thaliana and Nicotiana tabacum [58]. The implementa-
tion of the novel fertilization and weed control system based on
transgenic plants capable of using Phi as a sole P source will impli-
cate an increased use of Phi in agriculture, stimulating concern
regarding effects on microalgae and marine species. Our results
imply that Phi would not have toxic effects for microalgae and that
growth inhibition would only be possible if the level of Phi in the
aquatic ecosystems reaches a concentration higher than that of Pi.
If Phi partially reduces Pi as a fertilizer, this diminished Pi release
into water bodies could have a positive effect against toxic algal
blooms. Moreover, Phi would be oxidized into Pi by atmospheric
oxygen in few weeks, preventing the accumulation of Phi in the
environment.
Our research demonstrated that Phi failed to support any growth
of C. reinhardtii,  B. braunii or E. oleoabundans as a sole P source under
the investigated conditions. In the case of C. reinhardtii,  although Phi
appears to have an inhibitory effect on the growth of the different
strains when Phi was combined with Pi, it was  evident that Phi is not
toxic for this microalga, because C. reinhardtii was  able to recover
on Pi medium after an extended cultivation period in Phi medium.
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